Great interest is given now to advanced nuclear reactors especially those using passive safety components. The Westinghouse AP1000 Advanced Passive pressurized water reactor (PWR) is an 1117 MWe PWR designed to achieve a high safety and performance record. The AP1000 safety system uses natural driving forces, such as pressurized gas, gravity flow, natural circulation flow, and convection. In this paper, the safety performance of the AP1000 during a small break loss of coolant accident (SBLOCA) is investigated. This was done by modelling the AP1000 and the passive safety systems employed using RELAP/SCDAPSIM code. RELAP/SCDAPSIM is designed to describe the overall reactor coolant system (RCS) thermal hydraulic response and core behaviour under normal operating conditions or under design basis or severe accident conditions. Passive safety components in the AP1000 showed a clear improvement in accident mitigation. It was found that RELAP/SCDAPSIM is capable of modelling a LOCA in an AP1000 and it enables the investigation of each safety system component response separately during the accident. The model is also capable of simulating natural circulation and other relevant phenomena. The results of the model were compared to that of the NOTRUMP code and found to be in a good agreement.
Introduction
Nuclear energy is increasingly considered as an attractive energy source that can deliver an answer to increasing worldwide energy demands. One of the most important public concerns, when dealing with nuclear energy, is the safety of nuclear power reactors. The main safety concern is the emission of uncontrolled radiation into the environment which could cause harm to humans at both the reactor site and off-site. Therefore, it is important to evaluate the safety performance of nuclear reactors.
Great interest is now given to advanced nuclear reactors especially those using passive safety components. Passive safety systems are used to provide significant improvements to plant simplification, safety, reliability, investment protection, and capital costs.
The Westinghouse Advanced PWR, AP1000, design includes advanced passive safety features and extensive plant simplification to enhance the safety, construction, operation, and maintenance of the plant. The Westinghouse AP1000 Advanced Passive pressurized water reactor (PWR) is an 1117 MWe 2-LOOP PWR based closely on the AP600 design. The AP1000 maintains the AP600 design configuration, the use of proven components, and the licensing basis by limiting the changes to the AP600 design to as few as possible [1] . The AP1000 safety systems use natural driving forces, such as pressurized gas, gravity flow, natural circulation flow, and convection [2] .
In a previous work [3] , a model for assessing the safety performance of nuclear reactors was developed using a Global Safety Index (GSI) model. The model was developed by introducing three indicators: probability of accident occurrence, performance of safety system in case of an accident occurrence, and the consequences of the accident. Investigation of the improvement in nuclear safety using advanced reactors was done by comparing the safety performance of a conventional reactor which uses active safety systems, such as PWR, with an advanced reactor which uses 2 International Journal of Nuclear Energy passive safety systems, such as the AP1000, during a design basis accident, such as loss of coolant accident (LOCA), using PCTran [4] as the simulation code. The safety performance of AP1000 is found to be better than that of a conventional PWR. It was needed to study the AP1000 safety performance in a more detailed model to investigate the passive safety systems employed.
In this work, a model of the AP1000 was developed using RELAP/SCDAPSIM [5] to simulate the passive core cooling system components and to investigate the performance of the different passive safety systems during a small break loss of coolant accident (SBLOCA).
RELAP/SCDAPSIM Code

Difference between RELAP/SCDAPSIM and PCTran.
RELAP/SCDAPSIM is an advanced best-estimate computer code designed for simulating severe reactor accidents. The code predicts the thermal hydraulic response of the reactor coolant system (RCS) under normal operating conditions or under design basis or severe accident conditions [6] .
The RELAP5 models calculate the overall RCS thermal hydraulic response, control system behaviour, reactor kinetics, and the behaviour of special reactor system components such as valves and pumps. The SCDAP models calculate the behaviour of the core and vessel structures under normal and accident conditions. RELAP/SCDAPSIM has complete flexibility that allows modelling individual components, separate subsystems, or entire reactor complex with fully integrated control system logic [7] .
On the other hand, PCTran is a simple reactor transient and accident simulation software program that operates on a personal computer. It is used mainly for educational and training purposes; hence, it is not recommended to be used for severe accident analysis. PCTran does not have the capability to investigate the effects of changing some parameters related to the accident severity and mitigation. It does not have the ability to remove or add different components. It also does not allow the study and investigation of different passive safety systems individually.
For the reasons mentioned above, RELAP/SCDAPSIM is used in this paper to develop a model of the AP1000 to investigate the effect of using passive safety systems in accident mitigation.
Different Versions of RELAP5/SCDAPSIM.
There are many different versions of RELAP/SCDAPSIM; MOD3.2 is the oldest version and includes the publicly available RELAP and SCDAP models released by the US Nuclear Regulatory Commission (USNRC). MOD3.4 is the current production version. MOD4.0 is the latest experimental version and includes expanded models and user options. It has the most advanced code architecture, coding, numerics, and RELAP5 modelling options such as advanced water properties, alternative fluids, and an integrated uncertainty analysis package [7] .
RELAP/SCDAPSIM MOD 3.5 has the most advanced SCDAP modelling options (the new QUENCH/PARAM-ETER-experiment-driven SCDAP models). The new SCDAP modelling options include (a) an improved fuel rod gap conductance model, (b) improvements in the electrically heated fuel rod simulator model, (c) improvements in the shroud model, and (d) models to treat the influence of air ingression.
RELAP/SCDAPSIM MOD 3.5 runs a much wider variety of transients faster and more reliably than RELAP5/MOD 3.3 or RELAP5-3D. Also it is more accurate for many transient conditions particularly for those involving core temperatures in excess of 1000 K [6] .
For the reasons mentioned above, it was decided to use MOD 3.5 to model the AP1000 as it is capable of modelling severe accidents, such as a LOCA, and it is able to model the passive safety systems' components with high accuracy.
AP1000 RELAP5/SCDAPSIM Model
3.1. AP1000 Plant Description. The reactor vessel is cylindrical, with a hemispherical bottom head and a removable hemispherical upper head. The vessel contains the core, core support structures, control rods, and other components directly associated with the core. The coolant and moderator are light water at a normal operating pressure of 15.5 MPa. The fuel, internals, and coolant are contained within a heavy walled reactor pressure vessel. An AP1000 fuel assembly consists of 264 fuel rods in a 17 × 17 square array [8] .
The AP1000 steam generator (SG) is a vertical shell and Utube evaporator with integral moisture separating equipment. Design enhancements include nickel-chromium-iron alloy 690 thermally treated tubes a in triangular pitch, improved antivibration bars, single-tier separators, enhanced maintenance features, and a primary-side channel head design for easy access and maintenance by robotic tooling.
The AP1000 reactor coolant pumps are high-inertia, highreliability, low-maintenance, sealless pumps of either canned motor or wet winding motor design that circulate the reactor coolant through the reactor vessel, loop piping, and steam generators.
Reactor coolant system piping is configured with two identical main coolant loops, each of which employs a single 31-inch inside diameter hot leg pipe to transport reactor coolant to a steam generator. Two 22-inch inside diameter cold leg pipes in each loop (one per pump) transport reactor coolant back to the reactor vessel to complete the circuit [9] .
The AP1000 pressurizer is a vertical, cylindrical vessel with hemispherical top and bottom heads, where liquid and vapour are maintained in equilibrium saturated conditions. One spray nozzle and two nozzles for connecting the safety and depressurization valve inlet headers are located in the top head. Electrical heaters are installed through the bottom head.
AP1000 Safety Systems Description.
The passive core cooling system protects the plant against reactor coolant system leaks and ruptures of various sizes and locations. The passive core cooling system provides the safety functions of core residual heat removal, safety injection, and depressurization as shown in Figure 1 .
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Core Make-Up Tank (CMT).
The core make-up tanks replace the high-pressure safety injection systems in conventional PWRs. The two CMTs are located at an elevation above the core; they are filled with borated water and provide the reactor coolant system (RCS) makeup and boration for the loss of coolant accident (LOCA) and non-LOCA events when the normal makeup system is unavailable or insufficient. Each CMT consists of a large volume stainless steel tank with an inlet line that connects one of the cold legs to the top of the CMT and an outlet line that connects the bottom of the CMT to the direct vessel injection (DVI) line. The DVI line is connected to the reactor vessel downcomer. Each CMT is filled with cold borated water. The CMT inlet valve is normally open and hence the CMT is normally at primary system pressure. The CMT outlet valve is normally closed, preventing natural circulation during normal operation. When the outlet valve is open, a natural circulation path is established. Cold borated water flows into the reactor vessel and hot primary fluid flows upward into the top of the CMT [9] . The CMTs can operate in two different modes, depending on the RCS conditions. If the cold legs are filled with water, CMTs operate in a water recirculation mode with the driving force based on gravity and on the density difference between the hot reactor coolant in the CMT balance line and the colder water in the CMT. If the cold legs become voided, as they do during LOCAs, the CMTs will operate in a steam displacement injection or steam drain-down mode. In this mode, the driving force is based on gravity and the density difference between steam from the cold legs and water in the CMTs.
Passive Residual Heat Removal (PRHR).
The passive residual heat removal heat exchanger (PRHR HX) is designed to use passive processes such as the gravity effect and natural circulation in its operation. It is the main component of PRHRS and is immersed in the in-containment refueling water storage tank (IRWST) which acts as heat sink. The PRHR HX consists of C-shaped tube bundle that is employed to remove core decay heat from the RCS for certain postulated accident events where a loss of cooling capacity via the steam generators occurs. The heat exchanger is maintained full of cold RCS coolant at full RCS pressure. The heat exchanger is connected to the RCS by an inlet line from one RCS hot leg through a tee from one of the fourth stage automatic depressurization lines [10] .
Automatic Depressurization System (ADS).
The automatic depressurization system consists of four stages of valves that provide for the controlled reduction of primary system pressure. The first three stages consist of two trains of valves connected to the top of the pressurizer. The first stage opens when CMT liquid level reaches 67.5% of its initial liquid level.
ADS stages two and three open shortly after a time delay of 70 sec and 120 sec, respectively. The ADS 1-3 valves discharge primary system steam into a Sparger line that vents into the IRWST. The steam is condensed by direct contact with the highly subcooled water in the IRWST.
The fourth stage of the ADS consists of two large valves attached to ADS lines on each hot leg. The ADS-4 valves open when the CMT liquid level is low (20% of its initial level) and effectively bring primary-side pressure down to containment conditions. The ADS-4 valves vent directly into the containment building.
The first three stages of the ADS are represented by three parallel pipes connected to the pressurizer upper head and each flow path has two motor valves in series whose action is controlled by an open trip and a close trip in the input deck. The two ADS stage four paths are connected to the two hot legs, respectively, and the associated squib valves are modelled by trip valves [9] .
In-Containment Refueling Water Storage Tank (IRWST).
The in-containment refueling water storage tank is a very large concrete pool filled with cold borated water. It serves as the heat sink for the PRHR heat exchanger and a source of water for IRWST injection. The IRWST has two injection lines connected to the reactor vessel DVI lines. These flow paths are normally isolated by two check valves in series. When the primary pressure drops below the head pressure of the water in the IRWST, a flow path is established through the DVI into the reactor vessel downcomer. The IRWST water is sufficient to flood the lower containment compartments to a level above the reactor vessel head and below the outlet of the ADS-4 lines.
The IRWST is modelled as two connected fluid nodes (as done in the NOTRUMP code [11] ). The lower node is connected to the direct vessel injection line and is the source of injection water to the DVI lines driven by a gravity head. The upper node acts as a sink for the ADS flow from the pressurizer and as a heat sink for the PRHR heat exchanger. These nodes are modelled as having an initial temperature of 322 K and a pressure of 101.35 kPa.
Accumulators (ACC).
The accumulators are similar to those found in conventional PWRs. They are large spherical tanks approximately three-quarters filled with cold borated water and pre-pressurized with nitrogen. The accumulator outlet line is connected to the DVI line. A pair of check valves prevents injection flow during normal operating conditions. When system pressure drops below the accumulator pressure (plus the check valve cracking pressure), the check valves open allowing coolant injection to the reactor downcomer via the DVI line.
The ACC is modelled in RELAP5 as a lumped parameter component and therefore a nitrogen-charged accumulator and surge line system can be simulated [11] .
3.3. AP1000 Model Description. RELAP/SCDAPSIM/MOD3 input requirements can be divided into four distinct areas: hydrodynamics, heat structures, control systems, and neutronics. This model is mainly composed of hydrodynamic components that basically represent the parts of the reactor where coolant passes through and heat structures that represent solid parts of the reactor.
Owing to the proprietary nature of Westinghouse technical documentation, very little information related to design parameters and small break LOCAs in AP1000 can be obtained in the open literature. Therefore, some parameters have been assumed to be the same as in a conventional PWR and some approximations have been applied to the developed model. As the AP1000 is a two-loop PWR, each loop consists of one hot leg, two cold legs, one steam generator, and two canned motor pumps integrated into the steam generator channel head. The secondary side of the steam generator is simulated by a downcomer through which the main feedwater enters, a boiler consisting of the subcooled region and the boiling region, a separator where vapour-water separation occurs, and a steam dome connected to the steam header [11] .
AP1000 Model Nodalization and Initial Conditions.
In this model, a RELAP/SCDAPSIM model of the Surry reactor pressure vessel (RPV) is adopted and necessary changes were made to model the AP1000 pressure vessel. Some passive safety systems were modelled. The loop designated "b" has the pressurizer and the PRHR system connections, and loop "a" cold legs have the core makeup tank pressure balance line connections as shown in the nodalization diagram, Figure 2 . The initial conditions are listed in Table 1 .
The core is composed of a downcomer (104) connecting to the lower head (106) and the lower plenum (108). The pressurizer surge line and the hot and cold leg piping are constructed of stainless steel. The power operated relief valves (PORV) are located at the top of the pressurizer and can be used to relieve excess pressure in reactor coolant system (RCS). Pressurizer safety relief valves (SRV) are also available to handle pressure excursions in excess of the pressurizer PORV capacity.
The pipe 400 is the hot leg of the loop. The branch connects the pressurizer to the circuit. There are many heat structures in the core, since all walls have conduction properties that cannot be neglected. All vessel walls, 100, thermal shields, 104 (in addition to the vessel walls, 106, 107, and 108), different structures and plates present in the core to maintain the assemblies and the integrity of the vessel, the core barrel, 201, and the core baffle, 151, were modelled with heat structures. Also the cold and hot leg piping, steam generator tubes and shells, pump suction piping, and PRHRHX were represented by heat structures.
The pump included in this system is identical for each loop. It is possible to use the built-in pump models or to describe the characteristics of head and torque, pump head and torque multiplier, and two-phase difference curve. 
Modelling Safety System Components
Description of the SBLOCA Scenario.
For the safety analyses of the AP1000, a small break LOCA is defined as a rupture with a total cross-sectional area less than 1.0 ft 2 of the reactor coolant pressure boundary. This is considered a Condition III event (infrequent fault) that may occur during the life of the plant [8] .
A 2 in. cold leg small break LOCA is simulated by adding a trip valve, 550, to the broken cold leg, 320, in the nonpressurizer loop. The set points for SBLOCA analysis are listed in Table 2 .
Results and Discussions
A loss of coolant accident with 2-inch diameter break at the bottom of cold leg is simulated. The scenario of the accident can be analysed as follows. At = 0 s, a break was initiated in the cold leg by opening the LOCA valve. The primary system starts depressurization until the RCS pressure reaches the low value set point (12.41 MPa), a reactor scram signal is generated, and the core thermal power falls rapidly to the decay heat level with the effect of shutdown rods. The RCS continues depressurization till it reaches the low-low pressure set point (11.72 MPa), which is the "S signal" and safety system actuation point. Then, both CMTs and PRHRHX are then activated. The two CMTs are activated just after the "S" signal at about = 10 sec providing relatively high flow of borated water for a longer duration and with an increasing flow rate reaching a maximum value of 55 kg/sec at = 50 sec. After that the flow continues with a decreasing rate till both CMTs empty at = 3200 sec as shown in Figure 3 . The time sequence of events is listed in Table 3 .
Once the RCS pressure reaches 4.83 MPa, the accumulators begin to provide a high flow of borated water in a short time through the DVI lines. The accumulators are activated at = 900 sec with a flow rate starting at 81 kg/sec which decreases until both accumulators empty at = 1800 sec as shown in Figure 4 .
After the water level in both CMTs reaches 67.5% of their original value, the first three stages of automatic depressurization system (ADS) start depressurizing the RCS effectively. The first stage begins at = 1600 sec and the other two stages start with a delay of 70 sec and 120 sec, respectively. After the water level in both CMTs reaches 20% of their original level, the fourth stage of ADS is activated at = 2100 sec with a flow rate starting at 110 kg/sec as shown in Figure 5 .
After the primary system pressure drops to near the containment pressure, injection from the IRWST initiates. The IRWST is activated at = 2800 sec and provides low flow of borated water at an average flow rate of 50 kg/sec and continues injection for longer time till the end of model scenario.
Model Validation
The results of the developed model will be compared in this section with the results of a 2 in. LOCA modelled by the NOTRUMP code [12] which is used by Westinghouse in [13] .
Comparisons between the responses of different passive safety systems are illustrated in Figures 6-9 . Figure 6 shows the CMT response in NOTRUMP and in RELAP/SCDAPSIM. The graph shows the same injection rates in both models, but there is a difference in the end of injection time. This can be caused by the approximations and assumptions done in modelling the CMT by the RELAP/SCDAPSIM code. NOTRUMP and are in a good agreement in both initiation and end of injection times, but there is a difference in the injection flow rates. Figure 8 shows the ADS4 response in NOTRUMP and RELAP/SCDAPSIM. The two models have the same average flow rates, 100 kg/sec, but there is a difference in the initiation of injection time. This can be caused by the assumptions made for some parameters when modelling ADS4 due to lack of design data. Figure 9 shows the IRWST response in NOTRUMP and RELAP/SCDAPSIM. There is a difference in the initiation time, but in both models the average flow rate is 50 kg/sec. The calculated results obtained by RELAP/SCDAPSIM are consistent with those obtained using NOTRUMP. The main difference between them is the actuation times of passive systems which are partly due to the difference in the break discharge flow rate and also due to lack of available information in the literature on the AP1000 passive safety system design and the difficulty of deducing all these parameters. However, the results show, in most cases, the same trend in the response of each safety system during the SBLOCA, that is, the increasing flow rate.
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Conclusions
The RELAP/SCDAPSIM model of Surry reactor (2-loop PWR) was adopted. Some modifications to the Surry model were made to model the passive safety components in the AP1000 and some changes to several parameters were also made. Many assumptions and approximations were made to the model due to the lack of the availability of many design parameters for the AP1000.
(i) The developed model for the AP1000 was used to evaluate the safety performance of an AP1000 during a small break LOCA. The passive safety components in the AP1000 showed a clear improvement in accident mitigation. (ii) The passive safety systems were found to be capable of depressurizing the reactor coolant system while maintaining acceptable core conditions and establishing a stable delivery of cooling water from the IRWST. The AP1000 was found to have a good performance in mitigating SBLOCA consequences. These findings have important implications for enhancing the safety performance of nuclear reactors.
(iii) RELAP/SCDAPSIM was found to be a very good modelling tool for simulating different passive components of the AP1000 and to model a small break International Journal of Nuclear Energy LOCA. The model was capable of modelling a LOCA in the AP1000 and enabled the investigation of each safety system component response separately during the accident. The model was also capable of simulating natural circulation and other different phenomena.
(iv) When comparing the results with that of the NOTRUMP code used by Westinghouse, they were found to have the same trends, but some differences in the initiation of safety systems were found. These differences are caused by the assumptions and approximations made by both codes and also because of the many assumed values for the design data used in the RELAP model due to the lack of published values for the AP1000 design parameters. However, the results show the same trend in the response of each safety system during the LOCA, that is, the increasing flow rate, the decreasing pressure, and so forth.
